Autosomal dominant and/or recessive progressive external ophthalmoplegia (ad/arPEO) is associated with mtDNA mutagenesis. It can be caused by mutations in three nuclear genes, encoding the adenine nucleotide translocator 1, the mitochondrial helicase Twinkle or DNA polymerase g (POLG). How mutations in these genes result in progressive accumulation of multiple mtDNA deletions in postmitotic tissues is still unclear. A recent hypothesis suggested that mtDNA replication in®delity could promote slipped mispairing, thereby stimulating deletion formation. This hypothesis predicts that mtDNA of ad/arPEO patients will contain frequent mutations throughout; in fact, our analysis of muscle from ad/arPEO patients revealed an agedependent, enhanced accumulation of point mutations in addition to deletions, but speci®cally in the mtDNA control region. Both deleted and nondeleted mtDNA molecules showed increased point mutation levels, as did mtDNAs of patients with a single mtDNA deletion, suggesting that point mutations do not cause multiple deletions. Deletion breakpoint analysis showed frequent breakpoints around homopolymeric runs, which could be a signature of replication stalling. Therefore, we propose replication stalling as the principal cause of deletion formation.
INTRODUCTION
Human mitochondrial DNA (mtDNA) is maintained in multiple copies in each mitochondrion, and is present in thousands of copies per cell in most human tissues. mtDNA is organized in protein±DNA complexes often referred to as nucleoids (1, 2) . Sporadic germline and maternally inherited mutations of mtDNA, including single deletions/duplications and point mutations, are a frequent cause of human disease (3) .
A unique group of disorders is associated with mtDNA depletion (4, 5) or multiple deletions of mtDNA in somatic cells, but is primarily caused by defects in nuclear genes. The nuclear background of these syndromes, autosomal dominant or recessive progessive external ophthalmoplegia (ad/arPEO) with multiple mtDNA deletions (6, 7) , and mitochondrial neurogastrointestinal encephalomyopathy (MNGIE) (8, 9) , is starting to unravel. PEO in its mildest form presents as external eye muscle weakness, eye lid ptosis and skeletal muscle weakness. To date, mutations in three nuclear genes have been linked to this disorder. These include the muscle-, brain-and heart-speci®c isoform of the adenine nucleotide translocator (ANT1) (10) , C10orf2 encoding the mitochondrial helicase Twinkle (11, 12) , and the mitochondrial DNA polymerase g gene, POLG (13) . ArPEO has been associated exclusively with compound heterozygous mutations in POLG (13, 14) . In addition, recessive POLG mutations are associated with more severe or complex disorders (15, 16) .
The most frequently reported mutation in POLG, Y955C, occurs, at the active site of its polymerase domain. In vitro analysis of the enzymatic properties of this mutant protein has led to a suggestion that reduced POLG ®delity could precipitate adPEO (17, 18) . However, POLG proofreading was also shown to be capable of counteracting in®delity resulting from the Y955C mutation in the polymerase motif B. In addition, the Y955C mutation resulted in a 45-fold decreased af®nity for dNTPs (17) , suggesting that under conditions of nucleotide limitation, replication stalling could occur. This effect might be enhanced at replication of short homopolymeric runs, frequently occurring in mtDNA.
MNGIE is caused by mutations in the gene ECGF1, encoding cytoplasmic thymidine phosphorylase (19) . This protein is involved in the nucleoside/nucleotide salvage pathway, which is important for nucleotide homeostasis in post-mitotic cells and dividing cells outside the S phase. ECGF1 mutations in MNGIE are generally loss-of-function mutations resulting in enhanced levels of thymidine and deoxyuridine in, for example, plasma (20, 21) . Interestingly, in *To whom correspondence should be addressed. Tel: +358 3 2158598; Fax: +358 3 2157710; Email: lthasp@uta.® cultured skin ®broblasts, this appears to result in site-speci®c point mutations in mtDNA mostly affecting residues preceding runs of Ts in the de novo synthesized strand (21) . Most mutations could be explained by a next nucleotide effect and a slippage mechanism in homopolymeric A±T runs. mtDNA deletions are usually not observed in cultured skin ®broblasts, but are prominent in skeletal muscle of MNGIE and PEO patients. Conversely, site-speci®c point mutations were demonstrated at very low levels in skeletal muscle of the MNGIE patients, while being prominent in ®broblasts (21) . Recent deletion mapping of mtDNA of a MNGIE patient showed both perfect and imperfect direct repeats¯anking some of the more frequent deletions (22) . Microdeletions within the longer imperfect direct repeats were also observed. The data were considered to be most compatible with a homologous recombination mechanism, because that could possibly explain features, such as the microdeletions, via branch migration.
In order to study how multiple mtDNA deletions are provoked in ad/arPEO, we sequenced regions of mtDNA of PEO patients with mutations in either POLG or Twinkle, and related the ®ndings to the pathogenic mechanism. The results do not support a generalized decrease in mtDNA replication ®delity in either POLG or Twinkle patients. Rather, deletion breakpoint mapping suggests stalling at regions of dif®culty for DNA polymerases, such as homopolymeric runs and microsatellite-type repeats, and the additional involvement of the replication fork barrier at bp 16 070, as a primary cause of mtDNA deletion formation. Table 1 describes the patient material used in this study. PEOaffected individuals 1, 2, 6 and 7 and sample preparation were described previously (13, 23) . Patients 3±6 were described elsewhere (24) . Controls D1±5 are sporadic patients affected by PEO (D1±4) or mild Kearns Sayre syndrome (KSS) (D5) but carrying a single mtDNA deletion; all patients were adults at the time of biopsy except for patient D5 who was 5 years of age. Healthy controls 1±6 are unaffected relatives of PEO patients 3±5 (Fig. 1A) , controls 1±5 being brothers and sisters, thus sharing the same mitochondrial background, and control 6 being a distant paternal relative. Healthy controls, 7±10 are all direct relatives of patients 7±11 all sharing mtDNA transmitted through the same maternal line (Fig. 1B) . External eye muscle from patient 6 has been treated as skeletal muscle in the statistical analysis comparing the healthy controls with PEO patients. All the samples have been taken in accordance with the Declaration of Helsinki and with informed consent. Age of patients refers to the age at the time of the biopsy. a Patients and controls indicated in Figure 1 . b Control 6 is a distant paternal relative of the POLG N468D/A1105T family members. Patients 1±3 and all single deletion cases are unrelated.
MATERIALS AND METHODS

Patient samples
PCR ampli®cation, cloning and sequencing
Parts of the mtDNA control region and cytochrome b gene (cyt b) were PCR ampli®ed using the primers shown in Table 2a , yielding a 576 bp (control region) or a 654 bp (cyt b) fragment.
Reactions were performed in a 50 ml volume containing 100 ng of total genomic DNA template, 1.5 U of Pfu DNA polymerase (Promega), 250 mM dNTPs, 10 mM of each primer, and the buffer supplied by the manufacturer. The ampli®cation conditions were as follows: initial denaturation of 2 min at 95°C; 21 cycles of 30 s at 95°C, 1 min at 57°C and 2 min at 72°C; ®nal extension step of 10 min at 72°C. mtDNA deletions were PCR ampli®ed using various primer pairs shown in Table 2b , yielding multiple fragments according to the sizes of the deletions. Reactions were as above but with 5% dimethylsulfoxide, 20 mM of each primer, and the buffer supplied by the manufacturer. The ampli®cation conditions were: initial denaturation of 2 min at 93°C; 29 cycles of 30 s at 93°C, 1 min at 57°C and 7 min at 72°C; ®nal extension step of 15 min at 72°C. Following PCR ampli®cation, control region and cyt b fragments as well as the deletion-containing PCR products were cloned using the TOPO Zero-Blunt PCR cloning kit (Invitrogen). Plasmids from individual bacterial colonies were puri®ed using the Macherey±Nagel Nucleospin Robot-96 plasmid kit on a Tecan multipipetting robot, and veri®ed for the presence of inserted fragments by restriction digestion and agarose gel electrophoresis. The plasmids carrying the inserts were sequenced on an ABI Prism 3100 DNA sequencer, using BigDye terminator chemistry (Applied Biosystems) and M13 forward and reverse oligonucleotides as 
RESULTS
High mutation levels in the control region of muscle mtDNA from PEO patients
To determine the point mutation levels of mtDNA from ad/ arPEO patients with multiple deletions, we sequenced mtDNA from PEO patients' tissues, healthy controls and patients with single sporadic deletions, followed by cloning and sequencing of individual plasmids, and comparison with the Cambridge reference sequence to score mutations. It is important to note here that all of the healthy controls except control 6 were close relatives of the patients 3±5 and 7±11 (see Fig. 1 and Table 1 for family pedigrees and additional patient information). Therefore, their maternally inherited mtDNA was similar, and the possible differences in mtDNA seen between controls and patients are due to the inherited nuclear factors.
We analyzed two regions of mtDNA, a fragment of the control region that includes part of the D-loop [nucleotides 35±611 of the Cambridge reference sequence (25) ] and a fragment of the cyt b gene (nucleotide 14 682±15 516). The mutation level was de®ned as the number of different mutations per 10 kb of sequenced cloned fragments of the control region. This is a measure of sequence variability, but not necessarily a strict measure of mutation burden since repeated clones with an identical mutation are not counted separately (see also below). The Twinkle/PEO patient samples included several relatively young individuals, one of whom, patient 11 ( Fig. 1), had not yet presented disease symptoms at the age of biopsy. The biopsy DNA sample had, however, shown weak multiple mtDNA deletions by Southern blot and clear deletions by long-range PCR (23) . The youngest patients had the lowest levels of control region point mutation of the patient samples, with levels being similar to those of elderly controls ( Fig. 1) . With increasing age (b35 years), control region mtDNA of PEO patients showed a signi®cantly higher mutation level (P < 0.0002) than that of the control samples (>35 years) ( Fig. 2A, B and G). The mutation level in patients ranged from 1.6 (patient 11) to 6.3 (patient 7) mutations/10 kb, whereas in the 10 healthy control individuals of varying ages, the level was lower than 2.2 mutations/10 kb (controls 1±10), closer to the PCR-induced mutation background for Pfu polymerase (27) . A weak tendency to higher mutation levels with increasing age was observed in the controls (Fig. 2H) , while the ad/arPEO patients showed a strong increase of control region mutations during aging (Fig. 2H) . Three additional controls, from patients with a sporadic single mtDNA deletion, showed mutation levels of 4.3, 2.1 and 1.7 mutations/10 kb, which is higher than the levels in controls of a similar age (Fig. 2H ). Point mutation levels in leukocyte DNA of two PEO patients (1L and 2L) were much lower than in muscle DNA, comparable with controls.
Analysis of the sequence data revealed that mutations found in the control region were not randomly distributed and recurred in several clones from the same patient, suggesting that a considerable proportion of mtDNAs carried these mutations (Fig. 3) . The amount of mutant A189G was veri®ed by Genescan analysis and found to be in good agreement with the levels based on the frequency of the mutation in the cloned fragments (data not shown). The total mutation load was calculated by counting the total number of all clones of a sample with one or more mutations. This is a direct measure of the percentage of the total mtDNA population with one or more point mutations ( Fig. 2C and D ). This analysis of total mutant load showed that in the tissues of PEO patients, 5% (patient 11) to 96% (patient 2) of mtDNA carried control region mutations (Fig. 2C) , whereas in the controls this load was <7% for most samples (Fig. 2D) , except for three of the oldest individuals who showed a mutant load of between 18 and 25%. Similar to the mutation level analysis, total mutant load in PEO patients was always higher than that of controls of a similar age. Two of ®ve single deletion patients also showed a higher percentage of mutant fragments than did controls of a similar age. mtDNA from leukocytes of POLG-PEO patients 1 and 2 showed similar values to control muscle mtDNA (2L, 3%; 1L, 6%).
Comparable low mutation levels in the cyt b region in muscle mtDNA from PEO patients and controls
Contrary to the mtDNA control region, no statistically signi®cant differences were observed in mutation levels between patients and controls in the cyt b region ( Fig. 2E and F). The mutation levels in patients ranged from 0.2 (patient 3) to 1.4 (patient 8) mutation/10 kb. In skeletal muscle from the 10 healthy individuals and lymphocyte mtDNA from patient 1, the mutation levels were also within this range. Total mutation loads revealed no difference between PEO patients and controls (data not shown). Partial analyses of other mtDNA regions, COX I (7203±7445) and HVR1 (16 000± 16 569), showed levels in PEO patients comparable with those observed for the cyt b region (not shown). Similar results to those in skeletal muscle were obtained in mtDNA control and cyt b regions in brain and extraocular muscle of one of the Twinkle/PEO patients (see also Fig. 2 ). However, no appropriate controls were available for these two tissues.
Distribution of heteroplasmic control region mutations
The heteroplasmic control region mutations found in the patients were non-randomly distributed (Fig. 3) . In POLG/ PEO patients, the majority of mtDNA mutations (86%) accumulated in the region from nucleotide 150 to 250, particularly close to the presumptive heavy strand replication origin O H and in conserved sequence block I (CSB I). Speci®c mutation hotspots at the area could be identi®ed (Fig. 3B) . (C and D) Number of cloned mtDNA control region fragments carrying at least one point mutation in PEO patients (C) and in controls (D), expressed as a percentage of the total number of clones that were sequenced. (E and F) Number of different mutations detected per 10 kb of cyt b gene sequence in PEO patients (E) and in controls (F). Patients and abbreviations: 1±6, POLG/PEO patients, skeletal muscle; 7EM, Twinkle/PEO patient, extraocular muscle; 8FC, Twinkle/PEO patient, frontal cortex; 1L, 2L, POLG/PEO patients 1 and 2, leukocytes; D1±D5, patients with sporadic single mtDNA deletions, skeletal muscle; C1±C10, healthy control samples, skeletal muscle. (G) Number of different control region mutations in muscle mtDNAs of PEO patients >35 years old grouped together, and in the >35-year-old controls. The probability (P) of both groups being identical was calculated using the unpaired Student's t-test. The indicated results show that mutation level differences between both groups are highly signi®cant. (H) Mitochondrial control region mutation levels in PEO patients (®lled diamonds), healthy controls (open circles) and single deletion controls (+), related to the age at the time of biopsy, based on the values also indicated in (A) and (B). Lines for the PEO patients and healthy controls indicate trend lines.
Most striking were the mutations found in PEO patients 1 and 2, carrying the recessive POLG R3P and A467T mutations in the compound heterozygous state, and the dominant Y955C POLG mutation, respectively. Patient 1 had several duplications (2±32 bp, Supplementary ®g. 1B available at NAR Online), partly overlapping with CSB I. Patients 3 and 4 each also showed one clone with a small duplication (Supplementary ®g. 1B). Patient 2 presented an A to G transition`hotspot' close to O H at nucleotides 178, 183 and 189 (~20% heteroplasmy). In addition, based on the leukocyte mtDNA sequence, patient 2 had the less common 185A polymorphism. This polymorphic nucleotide 185 also appeared as an A to G transition hotspot in this patient. Although several clones showed two of these transitions, most clones contained only one, sometimes in combination with an additional point mutation. The unrelated patient 3, with the same Y955C mutation in POLG, only carried the mtDNA A183G mutation at a high percentage. This change was also detected at levels >15% of total mtDNA in POLG/PEO patients 3, 4, 5 and 6, but was not observed in Twinkle/PEO patients' tissues or controls, nor is it a recognized polymorphism or disease-associated mutation (http://www. mitomap.org/). An aging-associated nucleotide change, A189G (28) , was detected at high levels in POLG patient 2 and in one of about 50 clones from each of the two elderly Twinkle patients' samples, but not in any other POLG/PEO patients or the younger Twinkle/PEO patients. This mutation was also frequently found in the control samples, where it represented 53% of all mutated clones of these samples. The T408A mutation represented 16% of all mutated clones in the controls.
The distribution of control region point mutations in the Twinkle/PEO patients (patients 7±11) differed from POLG/ PEO patients, since the majority of the Twinkle-associated mutations (67%) were located between nucleotides 385 and 570. In the two elderly Twinkle patients 7 and 8, who showed the highest point mutation levels, this value was 87%. For samples 7EM and 8, of the total number of clones sequenced, 42 and 31% had mutations between 385 and 570. For the POLG patients, these values were typically around 5%, with the exception of patient 1 who had 24% of all clones with a mutation between 385 and 570. Individual point mutations were generally present at low levels (note the difference in scale between Fig. 3B and C) , but the number of different mutations, at least for the oldest Twinkle patients, was nevertheless comparable with POLG/PEO patient mutation levels (compare Fig. 2A and C) . The 564 G to A transition mutation, which was seen in the highest percentage of clones in patients 7 and 8, was detected in all Twinkle/PEO patients, including patients 9±11, but only in the POLG patient 1 and one of the elderly controls. The above data are not skewed by large differences in the number of sequenced clones or differences in total number of bases that were sequenced: from each sample for each region, approximately 50 clones were sequenced resulting in~30 kb of sequence, except for a young Twinkle/PEO patient 9, of whom we sequenced~150 kb. Because point mutations in the samples from the young Twinkle patients are rare and mutation levels are only marginally higher than those of controls of a similar age, the analysis of regional variation could not be done with con®dence. Nevertheless, the analysis of patient 9 showed that she had already had several of the same mutations observed in her older relatives with PEO. Since her maternally inherited mtDNA came from her unaffected mother, this suggests that the occurrence of these mutations at young age are associated with the nuclear disease allele. The sporadic patients with a single mtDNA deletion (D1±5) showed a distribution of control region point mutations similar to the Twinkle/PEO patients.
Comparison of mutation load in deleted and non-deleted mtDNA molecules
The low mutation load in the cyt b gene suggested close to normal mutant POLG ®delity (see Discussion). To study whether control region point mutations predispose the molecules to deletion formation, we speci®cally ampli®ed deleted mtDNA molecules including the control region. We compared control region mutation levels in these deleted molecules with the levels in the total population of mtDNA molecules obtained by the ampli®cation and sequencing of just the control region, as already shown in Figure 2 . The outermost PCR primers used (Table 2b ) create an~10 kb fragment using wild-type mtDNA and the appropriate PCR conditions (not shown). However, a short extension time was used in the PCR to promote preferential ampli®cation of deleted mtDNA molecules. In all samples, a set of products generally shorter than 4 kb was ampli®ed (Fig. 4A) , cloned and the control region sequenced. Figure 4B and C shows the mutation levels and total mutational loads in deleted molecules compared with the values for the total population of mtDNA molecules (as shown in Fig. 2 ) for patients 1±3, 5, 6 (POLG/PEO) and 7 (Twinkle/PEO). No signi®cant POLG-or Twinkle-speci®c differences were observed.
Mapping of multiple mtDNA deletions
Another prediction of strand slippage, resulting from decreased replication ®delity, is the occurrence of direct repeats¯anking the deletions. In addition, with the current knowledge of the patients' nuclear gene mutations, we asked whether different mutations in one gene such as POLG or mutations in different genes, such as POLG and C10orf2 (Twinkle), result in systematic differences in deletion breakpoints, possibly pointing to different mechanism(s) of deletion formation. Finally, we questioned the hypothetical relationship between particular control region point mutations and speci®c mtDNA deletions. For these purposes, we mapped the breakpoints of mtDNA deletions from the cloned fragments of deleted molecules that were also used to determine the mutation levels in the control region of the deleted molecules (see Table 3 and Supplementary ®g. 1). Many breakpoints were located in the mitochondrial genes from cyt b to COX I. Using the outermost primer pair (611H/l-FR31), which also ampli®ed the control region, a major 3¢ (L-strand orientation) deletion breakpoint was identi®ed around bp 16 070 at or near the`termination-associated sequence' (TAS). This breakpoint was identi®ed in the ®rst patients identi®ed with adPEO (6), most of whom carried the POLG Y955C mutation (14) . Our results indicate that bp 16 070 is a persistent breakpoint in both POLG and Twinkle/PEO patients. The breakpoint is rarely observed in sporadic cases with single mtDNA deletions, but is frequently encountered in so-called`sublimons' from control tissues (29) . However, with the PCR primers used here, these molecules are probably over-represented since they are short and preferentially ampli®ed in PCR. In addition, the ligation±cloning procedure used here strongly favors the shortest PCR products, thus enriching for the largest mtDNA deletions in the derived bacterial clones. In fact, the shortest fragments visible in our deletion PCR (Fig. 4A ) from~1200± 1300 bp very probably represent those molecules with breakpoints at around 16 070 at the 3¢ end and close to 7177 at the 5¢ end. To avoid the strong prevalence of the 16 070 breakpoint, we used several primer pairs for more extensive mapping of deletions from patient 1. In this patient, breakpoints of deletions in different regions of the mitochondrial genome showed the same general features. We detected short or imperfect direct repeats at most breakpoints (Table 3 and Supplementary ®g. 1A) and occasional imperfect palindromic sequences (data not shown). Most notably, frequent short homopolymeric runs of four or more nucleotides were seen close to the breakpoint. Several breakpoints showed microsatellite-like sequences (Supplementary ®g. 1A) . Allowing one different nucleotide in a run of six nucleotides, 111 out of a total of 142 deletions had runs within 10 nucleotides of the breakpoint at one or both ends. We analyzed the occurrence of homopolymeric runs at the`deletion' region (bp 7177± 16 100), as de®ned by the region we ampli®ed with the outermost PCR primer pair and assuming no deletion breakpoints occur beyond the 16 070 region. Over the entire length of the 7177±16 100 region, 816 bp are in randomly distributed perfect homopolymeric runs of four or more nucleotides. Based on this, the predicted frequency of randomly occurring deletions within or at the precise boundary of a homopolymeric run is 1:9.0, assuming that a run of four nucleotides has ®ve positions at which the break can occur. Analysis of the deletion boundaries of the patient samples showed that 60 of 284 3¢ or 5¢ breakpoints are at the exact end or within a perfect homopolymeric run of four or more nucleotides, indicating a frequency of 1:4.8. When excluding all the boundaries located at the PEO deletion hotspot area around mtDNA bp 16 070 from this analysis, 60 out of 186 breakpoints are within or precisely¯anked by a homopolymeric run, giving a frequency of 1:3.1, which is 3-fold higher than predicted by random deletion occurrence. The bias towards deletions in the vicinity of homopolymeric runs would have been even more pronounced had we included imperfect but long homopolymeric runs, such as the cgccctccc at nt 7815 (28 of 142 5¢ breakpoints). The most frequently encountered 5¢ breakpoints around nt 7400 (30 of 142 5¢ breakpoints) included in the calculation occurred within a sequence stretch ccccccaccc. This is a perfect 6 nt homopolymeric run and a 9 out of 10 nt imperfect run. No association of particular control region point mutations with any speci®c mtDNA deletions were detected (data not shown). No obvious differences were observed in types of deletion breakpoints between Twinkle/ PEO and POLG/PEO patients (Supplementary ®g. 1). Finally, no point mutations were observed in the deletion boundaries of any of the 142 deletions we sequenced (data not shown).
DISCUSSION
Here, we catalog mtDNA point mutations accumulated in PEO patients' post-mitotic tissues because of POLG and Twinkle defects. Our results strongly suggest that the mutation mechanism in the two pathological conditions is closely related but is not caused by generalized replication in®delity as previously suggested. Instead, we present evidence for the hypothesis that multiple deletion formation in PEO is initiated by frequent replication stalling.
A recent study (17) showed that in vitro, the Y955C POLG mutation affected the accuracy of mtDNA synthesis, resulting in enhanced point mutation levels caused by misinsertion. By analogy with mutations in the synonymous amino acid in the Klenow fragment of Escherichia coli DNA polymerase I, POLG Y955 is an important residue for base discrimination and binding [(18) and references therein]. Misinsertions following direct repeats were suggested to promote slipped mispairing and hence deletion formation. On the other hand, the same study showed that the enhanced misinsertion rate was counteracted by the proofreading capabilities of the POLG exonuclease domain. In order to assess the ®delity of POLG in PEO in vivo, we established the point mutation levels in the tissues of the patients carrying either POLG or Twinkle mutations. In addition, we mapped the breakpoints of 142 ad/ arPEO-associated mtDNA deletions in order to analyze: (i) the Figure 4 . Detection of multiple mtDNA deletions in PEO patients by longrange Pfu PCR and comparison of control region mutation levels between the deleted and the total mtDNA population. (A) DNA fragments ampli®ed from muscle mtDNA of patients 1, 3, 5, 6 and 7 and control muscle mtDNA were separated on a 1% agarose gel and stained with ethidium bromide. Abbreviations: M1, M2 and M3, DNA size markers indicated in kb; C3 and C8, controls 3 and 8. Deletion PCR was performed as described in Materials and Methods using primers FR31 and 611H/l (Table 2b) , amplifying the mtDNA region between nt 7177 and 611. Note that the PCR from C8 did show a faint band corresponding to the full-length mtDNA fragment. (B) The number of point mutations in the control region detected in deleted mtDNA molecules (gray bars) and in the total population of mtDNA molecules as determined in Figure 1 (white bars) of patients 1±3 and 5±7. (C) The number of mtDNA fragments carrying a mutation in skeletal muscle mtDNA of patients 1±3 and 5±7.
occurrence and types of direct repeats; (ii) a possible correlation between point mutation and deletion occurrence; and (iii) a possible correlation between disease genotype and mtDNA genotypes. The results lead to the following conclusions: (i) POLG and Twinkle PEO patients, as well as three out of ®ve patients with single sporadic mtDNA deletions, show increased levels of point mutations in the mtDNA control region compared with controls of a similar age, but not in the cyt b-encoding gene region, strongly suggesting that the PEO patients do not have a generalized decrease in replication/ repair accuracy. (ii) The number and types of point mutations in deleted molecules do not differ from the number and type in the total population of mtDNA molecules, arguing against the idea that point mutations predispose to deletions. (iii) Deletion breakpoint mapping in skeletal muscle showed no obvious differences between POLG/PEO and Twinkle/PEO patients, suggesting a similar mechanism of deletion formation. (iv) Analysis of deletion-¯anking sequences does not show prominent features suggestive of a strand slippage mechanism, such as precisely¯anked long (8±13 nt) direct repeats. Instead, the occurrence of frequent deletion breakpoints at known problem sites for DNA polymerases, most notably homopolymeric runs, suggests that deletions in ad/arPEO might arise following replication stalling.
Increased mutational load in the mtDNA control region but not in the cyt b region of ad/arPEO skeletal muscle Dominant mutations in POLG cluster in and around the polymerase motif B, while the recessive mutations are mostly not in recognized functional domains, although they are generally closer to the exonuclease domains (13, 14, 30, 31) . In vitro studies on the consequences of the polymerase B domain Y955C mutation suggest that POLG mutations in PEO generally cause decreased accuracy of the POLG protein during replication and/or repair, resulting in an increased nucleotide misinsertion rate leading to point mutations (17) . Furthermore, our previous cell culture model, which overexpressed a mutant POLG lacking proofreading activity [(27); S. Horttanainen, S. Wanrooij, J. Kurkela, M. Jokela, H. T. Jacobs and J. N. Spelbrink, unpublished data), predicts that reduced POLG ®delity causes misinsertion mutations randomly throughout the mitochondrial genome. This is now also con®rmed for a physiologically more relevant model system, the (mtDNA mutator) mouse (32) . However, our present data show that in the muscle of the POLG/PEO patients, this is not the case: point mutations accumulate in the control region, but not in the coding region. No evidence on other pathological mutations of mtDNA support selection against the mutant mtDNA in post-mitotic tissues, such as muscle, whereas in leukocytes that may be the case (33) . Post-mitotic tissues are usually quite resistant to mutant mtDNA, and become affected only when high proportions of mutant mtDNA are reached (3). mtDNA mutator mice indeed do not show any evidence of rapid selection against coding region mutations in the postmitotic tissues brain, heart and liver (32) . On the contrary, point mutation levels at 2 or 6 months of age are~2-fold higher in the cytochrome b gene region compared with the control region. Nucleotide pool imbalance has been implied to predispose to replication errors in the MNGIE syndrome. In this case, point mutations in the coding regions were shown to occur in a wide variety of tissues (21) . Thus, the present ®ndings of enhanced point mutation levels in the mtDNA control region, but not in the cyt b gene or other mtDNA regions, refute the idea of increased replication in®delity in ad/arPEO.
The increased level of control region mutations begs the question, cause or effect? If control region point mutations did predispose deletion formation, then they should occur more frequently in deleted molecules. This was not the case; all mtDNA, deleted and full length, showed an increased control region mutation burden. That enhanced levels of control region mutations were also detected in patients with a sporadic single deletion of mtDNA suggests that the mere presence of deleted mtDNA in a cell can induce mutagenesis, without the need for a nuclear gene mutation. The observed low point mutation levels in the control region of young Twinkle/PEO patients, who already had multiple mtDNA deletions and showed disease symptoms, further supports this hypothesis.
A further argument against replication in®delity as a cause of increased point mutation levels is the non-random distribution of mutations within the control region, and the observation that several of the mutations we have detected have also been described to accumulate with increasing age [see, for example, Wang et al. (28) , Michikawa et al. (34) and Chomyn and Attardi (35) ]. The POLG/PEO patients accumulate mutations around the heavy strand replication origin (O H ) and CSB I (bp 150±250), whereas Twinkle/PEO patients showed more mutation accumulation in the region containing the L-strand and major H-strand promoter, which are important for transcription initiation (36) . However, since the Twinkle/PEO patients studied here were related, other Twinkle/PEO families should be studied to con®rm this Multiple mtDNA deletions were ampli®ed using the indicated primer pairs, yielding PCR products of varying length, as shown for example in Figure 4A . The PCRs were subsequently used for direct bacterial cloning, with random clones picked for sequence analysis (see Materials and Methods for details). Primer pair FR31±611H/l was used on DNA from patients 1±3 and 5±7, while the other primer pairs were only used on DNA from patient 1. Detailed mapping of the deletions is shown in Supplementary ®gure 1. The table shows the absence of long¯anking direct repeats in this series of deletions, while the most frequent 5¢ or 3¢ breakpoint elements are indicated (see Results and Discussion for more details).
difference in the mutation distribution pattern from POLG/ PEO patients. O H and CSB I are important replication initiation sites in the strand-asynchronous model of mtDNA replication. Although this model is now hotly debated (37, 38) , both O H and CSB I are conserved features of mammalian mtDNA, suggesting that they do play a regulatory role. O H and CSB I are also sites of DNA±protein interactions (39). The occurrence and frequency of point mutations in this region suggest that some of these mutated molecules could have a replicative advantage, as previously proposed for the C150T mutation and possibly other mutations that accumulate during aging (40) , or are mutational hotspots (41) . This might explain the high proportions of some of these mutations.
Two POLG/PEO patients showed either an A to G transition hotspot (patient 2, Y955C) or a duplication mutation hotspot (patient 1, R3P/A467T). The absence of such clear mutation hotspots in the other samples could suggest that the hotspots are related to the speci®c mutations found in POLG. This was, however, not supported by the fact that two unrelated patients with the Y955C mutation did not share a hotspot. A lower number of individual mutations in patient 3, as well as a considerably lower point mutation load could re¯ect a difference in lifestyle, genetic background or age.
The A189G mutation was previously shown to accumulate with increasing age (28) . In our material, it was usually present at low levels, with the exception of patient 2, who showed multiple A to G transitions near O H including A189G. In all our other cases, the percentage of mtDNA with A189G was not particularly high, comparable with age-related reported percentages (28) . This ®nding is somewhat different from a report in which patients with multiple mtDNA deletions showed a higher risk for the A189G transition at ages <53 years (42) . The novel A183G mutation was recently also identi®ed in three out of eight POLG patients, two of them with a high percentage of mtDNA showing this change (43) . In our samples, it was present at 15% or more of total mtDNA in all but one POLG/PEO patient. The absence of this mutation in all controls and in Twinkle/PEO patients suggests that this nucleotide is normally not mutation prone. Although close to O H , the function of the A183 nucleotide has, to our knowledge, not been established.
In a recent paper, Del Bo and co-workers also used a sequencing strategy for mutation analysis in PEO patients (43) . In sharp contrast to our results, they failed to detect signi®cant differences between PEO patients carrying mutations in the POLG polymerase motifs or in Twinkle, and control samples. However, in their study, the mutation load in controls with an average age of 45 years was 30%. In our study, it was just 8.2% in controls with an average age of 51 years, three elderly controls contributing signi®cantly to this percentage. The difference probably re¯ects their use of an error-prone Taq polymerase and high PCR cycle number, which probably has masked this ®nding [see also Chinnery (44) ]. Although our data oppose the idea of replication in®delity as a major problem in the PEO patients studied here, we do not exclude that some PEO patients would show such a defect as a result of a clearly de®cient POLG proofreading activity caused by one of more mutations in the conserved exonuclease motifs. This has indeed been observed by Del Bo et al. (43) , but their generalization that this shows the predisposing effect of high mtDNA point mutation levels to multiple deletion formation is supported neither by their own nor by our data.
Enhanced control region point mutation levels in some of the sporadic single deletion patients shows that the presence of deleted mtDNA alone is enough to provoke this effect. The most obvious explanation for this is an enhanced production of reactive oxygen species (ROS), caused by a progressive OXPHOS de®ciency. Perhaps the best evidence to suggest that mitochondrial dysfunction can result in enhanced ROS generation in mitochondria, which subsequently may result in mtDNA damage, comes from mouse genetic studies (45, 46) . Why particularly the mtDNA control region would be prone to ROS remains an open question, but perhaps has something to do with the mtDNA topology in that region. For example, single-stranded DNA is possibly as much as a 1000-fold more prone to DNA damage by ROS than doublestranded DNA (47) . The POLG and Twinkle PEO mutations could perhaps have an effect on mtDNA topology by stalling at inappropriate sites, in the replication or the transcription control region, respectively, increasing the sensitivity of the region to DNA damage.
Deletion breakpoint analysis suggests replication stalling as a major event leading to deletions
Single, large mtDNA rearrangements are usually associated with strictly sporadic mitochondrial disorders such as KSS and isolated PEO, and often¯anked by relatively long, direct or inverted repeats. Deletions in these sporadic cases previously have been put into two classes. Class I represents deletions with perfect direct repeats that¯ank the deletion boundaries precisely; class II contains deletions without¯anking repeats, with imperfect repeats, with perfect repeats that do not¯ank the deletions precisely and also with some palindromic sequences (48, 49) . Notably, the majority of sporadic deletions (~70%) belong to the ®rst category. Patients with single deletions usually also show evidence of partial duplications (50) whereas, to our knowledge, in PEO cases with multiple deletions, duplications have not been observed. Some studies have excluded duplications in multiple deletion cases (23, 51) , which was taken to suggest that single and multiple deletions might arise by different mechanisms. Our analysis of deletion breakpoints in ad/arPEO and published deletion breakpoints of adPEO patients [e.g. Zeviani et al. (6) ] suggest that the majority of multiple deletions do not correspond to class I of single sporadic deletions. Most direct repeats we observed were short, often imperfect, and hardly ever¯anked the deletions precisely.
By which mechanism could POLG and Twinkle dysfunction cause the late-onset multiple deletion pattern of ad/ arPEO? Our data and that from published studies suggest that deletion formation might be induced by replication stalling, which in turn has been shown to induce double-strand breaks (DSBs) (52, 53) . Replication stalling is supported, ®rst of all, by the 2-to 3-fold over-representation of homopolymeric runs at deletion breakpoints. This can be understood for the POLG Y955C mutation by the reported 45-fold reduction in af®nity for the incoming nucleotide (17) . Stalling at homopolymeric runs could be explained by frequent reiteration of a single nucleotide, which might result in local depletion of that nucleotide and make it dif®cult for a de®cient polymerase to incorporate the subsequent nucleotide. It was shown that a mutation of the corresponding Y844 in adenovirus 5 DNA polymerase also results in a dramatic decrease in polymerase activity and DNA-binding capacity (54) , supporting a propensity to stalling. Several other dominant POLG mutations affect the polymerase B domain and probably result in similar defects. Such expectations are supported by extensive mutation studies of the orthologous Klenow and T7 polymerase, as well as their crystal structures [for a recent review, see Copeland et al. (18) ]. In addition to homopolymeric runs, several deletions were¯anked by microsatellite types of repeats, which are known sites of replication stalling and genome instability [see, for example, Gordenin and Resnick (55)]. A further ®nding in favor of the idea of increased DSBs in the case of POLG dysfunction is the higher proportion of restriction enzyme-undigested but`spontaneously' linearized full-length muscle mtDNA molecules in POLG/PEO patients (including patient 2 of this study) when compared with control muscle mtDNA (56) . Finally, the nt 16 070 breakpoint boundary is compatible with a replication stalling model since it is conceived as a fork barrier as it the de®nes the boundary of the TAS element and could thus be a frequent replication stalling site, as previously suggested (6) . This is consistent with it being a conserved protein-binding site, as shown by footprinting analysis (57, 58) . It is also in line with the recent suggestion that the mtDNA D-loop is a fork arrest region (59) . In that model, the TAS region could be the 5¢ boundary of this region.
Our data on Twinkle patients' mtDNA suggest that the pathogenetic pathways leading to deletion formation are closely linked. The role of Twinkle as a 5¢±3¢ helicase was recently suggested (12) and this, together with its high homology to replication helicases, supports its role in mtDNA replication. Since the precise role(s) for Twinkle in mtDNA replication and/or repair is still to be established, the mechanism of deletion formation by defective Twinkle remains speculative. Apart from a direct role in replication fork movement, it could be directly involved in DSB repair, by analogy with, for example, the Werner syndrome helicase (60) , or it could play a role in re-initiation of stalled replication forks.
